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(54)    Device and algorithm for a combined cardiomyostimulator and a cardiac 
pacer-cardioverter-deflbrillator 

(57) A device and algorithm for a combined cardio- 
myostimulator and a cardiac pacer-cardtoverter-defibril- 
lator. In particular the present invention operates, in a 
first embodiment, to deliver stimulation to a skeletal 
muscle 3 grafted about a heart 2; sense depolarizations 
of a patient's heart; measure the intervals separating 
successive depolarizations of the patient's heart; define 
first and second interval ranges; determine the number 
of the measured intervals falling within the first and sec- 
ond interval ranges; inhibit the delivery of stimulation to 
a skeletal muscle grafted about a heart upon the sensing 
of a depolarization within the first or second interval 
range; detect the occurrence of a first type of arrhythmia 
when the number of the measured intervals falling within 
the first interval range equals a first predetermined val- 
ue; detect the occurrence of a second type of an arrhyth- 
mia when the number of the intervals falling within the 
second interval range equals a second predetermined 
value; deliver a first type of arrhythmia therapy in re- 
sponse to the detection of the first arrhythmia; and de- 
liver a second type of arrhythmia therapy in response to 
the detection of the second arrhythmia, the second type 
of arrhythmia therapy having a cardiac stimulation com- 
ponent and a skeletal muscle component. 

3: 
h h 

' 5 

S3 

3 

Printed by Jouve. 75001 PABIS (FO) 



EP 0 759 309 A2 

Description 

The present invention generally relates to cardiac 
assist systems, including cardiomyoplasty, for the treat- 
ment of patients needing augmented cardiac output. 

Cardiac assist systems aid patients with chronically 
and unacceptably low cardiac output who cannot have 
their cardiac output raised to acceptable levels by tradi- 
tional treatments, such as drug therapy. One particular 
type of cardiac assist system currently used is a cardi- 
omyoplasty. 

Essentially a cardiomyoplasty provides a muscle- 
powered cardiac assist system. As seen in U.S. Patent 
No. 4,813,952 of Khalafalla, the cardiomyoplasty is a 
cardiac assist system powered by a surgically-modified 
muscle tissue, such as the latissimus dorsi. In particular, 
the latissimus dorsi is wrapped around the heart An im- 
plantable pulse generator is provided. The implantable 
pulse generator senses contractions of the heart via one 
or more sensing leads and stimulates the appropriate 
nerves of the muscle tissue with burst signals to cause 
the muscle tissue to contract in synchrony with the heart. 
As a result, the heart is assisted in its contractions, 
thereby raising the stroke volume and thus cardiac out- 
put. Besides delivering therapeutic electrical pulses to 
the muscle, the pulse generator is quite often also cou- 
pled so as to also provide therapeutic electrical pulses 
to the heart. See, for example. U.S. Patent No. 
4,735,205 of Chachques et at. 

Patients with chronic cardiac output deficiencies, al- 
though treatable through cardiomyoplasty, face an in- 
creased risk for cardiac arrhythmic episodes, such as 
ventricular tachycardia or fibrillation. These arrhythmic 
episodes may be life-threatening. 

In order to treat these potentially life-threatening 
cardiac arrhythmias, some cardiac assist systems have 
been proposed which combine a muscle stimulator as 
well as a cardiac pacer-cardioverter-defibrillator. In such 
a manner a patient who has had a cardiomyoplasty may, 
in addition to receiving muscle-powered cardiac assist- 
ance, also receive various types of therapeutic cardiac 
electrical stimulation. One example of such a system 
may be seen in the U.S. Patent No. 5,251,621 issued to 
Collins and entitled 'Arrhythmia Control Pacer Using 
Skeletal Muscle Cardiac Graft Stimulation.' 

One problem associated with devices which com- 
bine a muscle stimulator as well as a cardiac pacer-car- 
dioverter-defibrillator is that the muscle stimulation may 
interfere with the reliable sensing of cardiac events. Dur- 
ing ventricular arrhythmias, such as ventricular fibrilla- 
tion or ventricular tachycardia (hereafter "VF" and " VT* 
respectively) the cardiac signals may have very low am- 
plitudes. This is especially the case during VF. The stim- 
ulation of the muscle wrap at that time could thus inter- 
fere with reliably sensing the VF or VT due to post-pace 
polarization, cross talk, et cetera. 

The U.S. Patent No. 5,251,621 issued to Collins of- 
fers one solution to this problem. The Collins patent dis- 

closes a cross channel blanking control signal to disable 
pacemaker sensing during generation of a skeletal mus- 
cle stimulation pulse. This is intended to prevent the 
pacemaker from incorrectly classifying a skeletal mus- 

5 cle stimulation pulse as an episode of intrinsic cardiac 
activity. At all times, however, muscle stimulation is con- 
tinued. In fact, during arrhythmic events besides muscle 
stimulation continuing. Collins discloses adjusting vari- 
ous parameters of the muscle stimulation bursts, such 

io as pulse amplitude, duration as well as the interval be- 
tween pulses within a burst. One problem with this ap- 
proach, however, is that the continuation of skeletal 
muscle stimulation may interfere with the reliable sens- 
ing of the arrhythmia. Moreover, adjusting the various 

is parameters of the muscle stimulation signal, such as 
amplitude or duration, creates an even greater likeli- 
hood that the device will not be able to reliably sense 
the arrhythmia. 

Rapid detection of a cardiac tachyarrhythmia, and 
20   especially VF, is very important A typical cardiac pacer- 

- cardioverter-defibrillator detection algorithm requires 
the detection of a certain number of tachyarrhythmic 
events within a specified time period. In the case of VF 
detection, these devices will typically initiate the charg- 

es   ing of a cardiac output circuit. This charging period may 
last between 1 to 21 seconds, depending on the therapy 
to be delivered. Following charging, the detection algo- 
rithm would once again confirm VF and deliver the ther- 
apy. Once the therapy was delivered, the detection al- 

30   gorithm would remain active until the tachyarrhythmic 
episode termination was confirmed. 

At high energy levels, the period from tachyarrhyth- 
mia detection until tachyarrhythmia termination confir- 
mation and muscle therapy reactivation could be ex- 

35 tremely long, up to 35 seconds, or even longer. The con- 
sequence of this inhibition of the cardiac assistance dur- 
ing an episode of tachyarrhythmia is that cardiac output 
is highly compromised. In addition, while in fibrillation 
the threshold to achieve defibrillation through electrical 

40 shock rises exponentially. Higher defibrillation thresh- 
olds, however, mean the device must feature larger ca- 
pacitors or higher voltages or both. 

It is thus an object of the invention tb" provide a car- 
diac assist system which permits the rapid detection of 

4S   a cardiac arrhythmia. 
It is a further object of the present invention to pro- 

vide a cardiac assist system which provides cardiac as- 
sistance during a cardiac arrhythmia. 

These and other objects are met by the present in- 
so  vention which \ 

The foregoing and other aspects of the present in- 
vention will be best appreciated with reference to the 
detailed description of a preferred embodiment of the 
present invention, given by way of example only, in con- 

ss   junction with the accompanying drawings, wherein: 
FIG. 1 illustrates an example of a system for per- 

forming both long-term stimulation of skeletal muscles 
for cardiac assistance using systolic augmentation as 
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well as direct electrical stimulation of a heart according 
to the present invention. 

FIG. 2 is a functional schematic diagram of an im- 
plantable pulse generator used in the system of the 
present invention. 

FIG. 3 is an illustration of detection interval ranges 
employed in a preferred embodiment of the present in- 
vention. 

FIG. 4 is an arrhythmia detection/therapy muscle 
state diagram of the present invention. 

FIG. 5 is a timing diagram showing the relationship 
between muscle stimulation, cardiac events, and a de- 
fibrillation charge cycle. 

FIG. 6 is a timing diagram showing the relationship 
between muscle stimulation and cardiac events of an 
alternate embodiment 

FIG. 7 depicts an alternative muscle stimulation 
burst which may be used with the present system. 

FIG. 8 depicts an alternative embodiment of the 
muscle catch stimulation which may be used with the 
present system. 

FIG. 9 depicts an alternative embodiment of the 
muscle catch stimulation which may be used with the 
present system. 

The drawings are not necessarily to scale. 
The present invention employs a sensor to monitor 

cardiac electrical activity and cardiac demand in a skel- 
etal muscle-powered cardiac assist system (hereinafter 
referred to as "CAS"). A basic CAS may be configured 
in a variety of ways as described in the aforementioned 
patent to Khalafalla. One specific configuration is dis- 
cussed herein simply as an illustration. The present in- 
vention, however, may be used in any system concern- 
ing cardiac augmentation using skeletal muscle, such 
as aortic counterpulsation or a skeletal muscle ventricle. 
Thus it should be understood the particular configura- 
tion illustrated is not intended to limit the present inven- 
tion. 

FIG. 1 illustrates an example of a system 1 for per- 
forming long-term stimulation of skeletal muscles for 
cardiac assistance using systolic augmentation as well 
as direct electrical stimulation of a heart 2. As seen, skel- 
etal muscle graft 3 is positioned about the heart 2. In the 
preferred embodiment the latissimus dorsi muscle is 
used for the skeletal muscle graft, as is well known in 
the art. The longitudinal fibers of the muscle graft 3 are 
oriented generally perpendicular to the longitudinal axes 
of the right ventricle 4, left ventricle 5 and interventricular 
septum 10 of the heart. Muscle graft 3 is positioned in 
this manner so that when it is stimulated, muscle graft 
3 compresses ventricles 4, 5 and particularly left ventri- 
cle 5, to thereby improve the force of right and left ven- 
tricular contraction. In such a manner that the overall 
hemodynamic output of heart 2 is increased. 

In a preferred configuration, muscle graft 3 is 
wrapped around the heart 2 and fixedly attached to itself 
to form a cup-shaped "sling", using running sutures 12. 
Alternatively, muscle graft 3 may be attached to heart 2 

using running sutures 13 as illustrated. 
As seen, electrical stimulation and sensing of heart 

2 is accomplished through lead 15. In particular, lead 15 
electrically couples pulse generator 6 to heart 2. Lead 
15 provides cardiac pacing as well as defibrillation ther- 
apies. In the preferred embodiment lead 15 is the model 
6936 tri-polar TRANSVENE lead from Medtronic Inc., 
Minneapolis, Minnesota. As seen, lead 15 is implanted 
in right ventricle 4 such that bi-polar pacing electrode 
assembly 16 is in the right ventricular apex and defibril- 
lation coil 17 is within the right ventricle 4. Although in 
the preferred embodiment a single lead is provided for 
pacing as well as defibrillation therapies, other types of 
lead configurations, such as multiple transvenous or 
subcutaneous or any combination thereof, may be used. 

Muscle graft 3 is electrically stimulated through a 
pair of leads 21. 22. In particular leads 21, 22 couple 
pulse generator 6 to skeletal muscle graft 3. In the pre- 
ferred embodiment leads 21, 22 are the model 4750 in- 
tramuscular lead from Medtronic, Inc., Minneapolis, 
Minnesota. As seen, each lead 21. 22 extends from 
pulse generator 6 to latissimus dorsi muscle graft 3. The 
electrodes (not shown) of each lead 21, 22 are placed 
to cause muscle graft 3 to contract when electrically 
stimulated, as is well known in the art. Other types of 
leads or electrodes, however, may be used, such as 
epimysial or neuromuscular leads or nerve cuff elec- 
trodes. 

FIG. 2 is a functional block diagram of a pulse gen- 
erator 6 in which the present invention may usefully be 
practiced. This diagram should only be taken, however, 
as exemplary of the type of device in which the invention 
may be embodied and not as limiting. It is believed that 
the invention may usefully be practiced in a wide variety 
of device implementations. For example, the invention 
is also believed practicable in conjunction with the im- 
plantable muscle stimulator-pacemaker-cardioverters- 
defibrillators disclosed in U.S. Patent No. 5,251.621 is- 
sued to Collins entitled •Arrhythmia Control Pacer Using 
Skeletal Muscle Cardiac Graft Stimulation." 

The device is illustrated as being provided with six 
electrodes. 500, 502. 504, 506, 508. 572 and 574. Elec- 
trodes 500 and 502 may be a pair of electrodes located 
in the ventricle and mounted to a lead 15 as discussed 
above. Electrode 504 may correspond to a remote, in- 
different electrode located on the housing of pulse gen- 
erator 6. Electrodes 506 and 506 may correspond to 
large surface area defibrillation electrodes located with- 
in the right ventricle, coronary sinus, superior vena cava 
or may also be located subcutaneously, located on or 
part of the device housing or to the epicardium. Elec- 
trodes 572 and 574 are muscle stimulation electrodes 
coupled to the skeletal muscle wrap 3. as discussed 
above. 

Electrodes 500 and 502 are switchable through 
switch matrix 512 to the R-wave detector circuit, com- 
prising band-pass fitter circuit 514, auto threshold circuit 
516 for providing an adjustable sensing threshold as a 
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function of the measured R-wave amplitude and com- 
parator 518. A signal is generated on R-out line 564 
whenever the signal sensed between electrodes 500 
and 502 exceeds the present sensing threshold defined 
by the auto threshold circuit 516. As illustrated, the gain t 
on the band pass amplifier 514 is also adjustable by 
means of a signal from the pacer timing and control cir- 
cuitry 520 on GAIN ADJ line 566. 

The operation of this R-wave detection circuitry may 
correspond to that disclosed in U.S. Patent No. 1 
5,118,824, issued to Keimel. However, alternative R- 
wave detection circuitry such as that illustrated in U.S. 
Patent No. 4,819,643, issued to Menken and U.S. Pat- 
ent No. 4,880,004, issued to Baker et al.. may also be 
employed. 

The threshold adjustment circuit 516 sets a thresh- 
old corresponding to a predetermined percentage of the 
amplitude of a sensed R-wave, which threshold decays 
to a minimum threshold level over a period of less than 
three seconds thereafter, similar to the automatic sens- 
ing threshold circuitry illustrated in the article 'Reliable 
R-Wave Detection from Ambulatory Subjects', by Tha- 
kor et al., published in Biomedical Science Instrumen- 
tation, Vol. 4, pp. 67-72. 1978. 

It is preferable that the threshold level not be adjust- 
ed in response to paced R-waves, but instead should 
continue to approach the minimum threshold level fol- 
lowing paced R-waves to enhance sensing of low level 
spontaneous R-waves associated with tachyarrhythmi- 
as. The time constant of the threshold circuit is also pref- 
erably sufficiently short so that minimum sensing thresh- 
old may be reached within 1 -3 seconds following adjust- 
ment of the sensing threshold equal to 70-80% of the 
amplitude of a detected spontaneous R-wave. The in- 
vention may also be practiced in conjunction with more 
traditional R-wave sensors of the type comprising a 
band pass amplifier and a comparator circuit to deter- 
mine when the band-passed signal exceeds a predeter- 
mined, fixed sensing threshold. 

Switch matrix 512 is used to select which of the 
available electrodes are coupled to band pass amplifier 
534. Under control of microprocessor 524, switch matrix 
directs delivery of electrical stimulation pulses to cardiac 
tissue and the skeletal muscle wrap. Selection of the 
switch matrix settings is controlled by the microproces- 
sor 524 via data/address bus 540. Signals from the se- 
lected electrodes are passed through band-pass ampli- 
fier 534 and into multiplexer 532. where they are con- 
verted to multi-bit digital signals by A/D converter 530, 
for storage in random access memory 526 under control 
of direct memory address circuit 528. Multiplexer 532 
further receives voltage from battery 537 via VBATT 
536. 

Amplifier 534 may be a broad band pass amplifier, 
having a band pass extending for approximately 0.5 to 
200 hertz. The filtered EGM signals from amplifier 534 
are passed through multiplexer 532. and digitized in A- 
D converter circuitry 530. The digitized data may be 

stored in random access memory 526 under control of 
direct memory address circuitry 528. 

The occurrence of an R-wave detect signal on line 
564 is communicated to microprocessor 524 via data/ 

5   address bus 540. and microprocessor 524 notes the 
time of its occurrence. 

The remainder of the circuitry is dedicated to the 
provision of muscle stimulation, cardiac pacing, cardio- 
version and defibrillation therapies. The pacer timing/ 

10 control circuitry 520 includes programmable digital 
counters which control the basic time intervals associ- 
ated with cardiac pacing and muscle stimulation. The 
durations of these intervals are determined by micro- 
processor 524. and are communicated to the pacing cir- 

is cuitry 520 via address/data bus 540. Pacer timing/con- 
trol circuitry also determines the amplitude of the muscle 
stimulation and cardiac pacing pulses and the gain of 
band-pass amplifier, under control of microprocessor 
524. 

20        During cardiac pacing or muscle stimulation, the es- 
cape interval counter within pacer timing/control circuit- 
ry 520 is reset upon sensing of an R-wave as indicated 
by a signal on line 564, and on timeout triggers gener- 
ation of a pacing pulse by pacer output circuitry 522. 

25   which is coupled to electrodes 500 and 502 or elec- 
trodes 572 and 574. The escape interval counter is also 
reset on generation of a cardiac pacing pulse, and there- 
by controls the basic timing of cardiac pacing functions, 
including anti-tachycardia pacing and subsequent mus- 

30  cle stimulation. The duration of the interval deemed by 
the escape interval timer is determined by microproces- 
sor 524, via data/address bus 540. The value of the 
count present in the escape interval counter when reset 
by sensed R-waves may be used to measure the dura- 

35  tion of R-R intervals, to detect the presence of tachycar- 
dia and change muscle stimulation parameters. 

Microprocessor 524 operates as an interrupt driven 
device, and responds to interrupts from pacer timing/ 
control circuitry 520 corresponding to the occurrence of 

40   sensed R-waves and corresponding to the generation 
of cardiac pacing and muscle stimulation pulses. These 
interrupts are provided via data/address bus 540. Any 
necessary mathematical calculations to be performed 
by microprocessor 524 and any updating of the values 

45   or intervals controlled by pacer timing/control circuitry 
520 and switch matrix 512 take place following such in- 

, terrupts. 
In the event that a tachyarrhythmia is detected, and 

an antitachyarrhythmia pacing regimen is desired, ap- 
50 propriate timing intervals for controlling generation of 

anti-tachycardia pacing therapies are loaded from mi- 
croprocessor 524 into the pacer timing/control circuitry 
520 arid switch matrix 512. 

Similarly, in the event that generation of a cardio- 
> 55 version or defibrillation pulse is required, microproces- 
[ sor 524 employs the counters in timing and control cir- 

cuitry 520 to control timing of such cardioversion and 
»        defibrillation pulses, as well as timing of associated re- 

4 
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ffactory periods during which sensed R-waves are inef- 
toctrve to reset the timing circuitry. 

Further, in the event the onset of a tachyarrhythmia 
is detected, but not yet confirmed, the filtered and digi- 
tized EGM available at A/D 530 will be compared by mi- 
croprocessor 524 with a value from RAM 526. Measured 
values above set will continue detection. Values below 
set confirm the arrhythmia if more than 50 % of the X 
out of Y have been detected. In the preferred embodi- 
ment X and Y are programmable counts corresponding 
to the VFNID and the fibrillation event buffer memory 
(located in the RAM 526) respectively, both of which are 
discussed in more detail below with regards to the VF 
counting mode state 34 seen in FIG. 4. Microprocessor 
524 will then initiate a therapy if programmed to do so. 

In response to the detection of fibrillation or a tach- 
ycardia requiring a cardioversion pulse, microprocessor 
524 activates cardioversion/defibrillation control circuit- 
ry 554, which initiates charging of the high voltage ca- 
pacitors 556, 558, 560 and 562 via charging circuit 550, 
under control of high voltage charging line 552. During 
charging, microprocessor 524 enables pacerAiming 
control 520 to pace out 522 and switch matrix 512 to 
deliver muscle stimulation pulses until the high voltage 
capacitors 556 are sufficiently charged. The voltage on 
the high voltage capacitors is monitored via VCAP line 
538, which is passed through multiplexer 532, and, in 
response to reaching a predetermined value set by mi- 
croprocessor 524, results in generation of a logic signal 
on CAP FULL line 542, terminating charging. The CAP 
FULL line 542 signal is sent over DATA/ADDRESS 540 
to the pace timer/control 520. which then inhibits deliv- 
ery of the muscle stimulation pulses. 

Thereafter, delivery of the timing of the defibrillation 
or cardioversion pulse is controlled by pacer timing/con- 
trol circuitry 520. One embodiment of an appropriate 
system for delivery and synchronization of cardiover- 
sion and defibrillation pulses, and controlling the timing 
functions related to them is disclosed in more detail in 
U.S. Patent No. 5,188,105 by Keimel, Method and Ap- 
paratus for Detecting and Treating a Tachyarrhythmia. 
Any known cardioversion or defibrillation pulse genera- 
tion circuitry, however, is believed usable in conjunction 
with the present invention. For example, circuitry con- 
trolling the timing and generation of cardioversion and 
defibrillation pulses as disclosed in U.S. Patent No. 
4,384,585, issued to Zipes, in U.S. Patent No. 4,949,719 
issued to Pless et al., cited above, and in U.S. Patent 
No. 4,375,817, issued to Engle et aL, may also be em- 
ployed. Similarly, known circuitry for controlling the tim- 
ing and generation of anti-tachycardia pacing pulses as 
described in U.S. Patent No. 4,577,633, issued to Berk- 
oyits et al., U.S. Patent No. 4,880,005, issued to Pless 
et al., U.S. Patent No. 7,726,380, issued to Vollmann et 
al. and U.S. Patent No. 4,587,970, issued to Holley et 
al., may also be used. 

In modern cardiac pulse generators, the particular 
anti-tachycardia and defibrillation therapies are pro- 

grammed into the device ahead of time by the physician, 
and a menu of therapies is typically provided. For ex- 
ample, on initial detection of tachycardia, an anti-tach- 
ycardia pacing therapy may be selected. On re-detec- 

s tton of tachycardia, a more aggressive anti-tachycardia 
pacing therapy may be scheduled. If repeated attempts 
at anti-tachycardia pacing therapies fail, a higher level 
cardioversion pulse therapy may be selected thereafter. 
Prior art patents illustrating such pre-set therapy menus 

io of antitachyarrhythmia therapies include the above-cit- 
ed U.S. Patent No. 4,830,006, issued to Haluska, et aL, 
U.S. Patent No. 4,727,380. issued to Vbllmann etal. and 
U.S. Patent No. 4,587.970, issued to Holley et al. The 
present invention is believed practicable in conjunction 

is with any of the known anti-tachycardia pacing and car- 
dioversion therapies, and it is believed most likely that 
the invention of the present application will be practiced 
in conjunction with a device in which the choice and or- 
der of delivered therapies is programmable by the phy- 
sician, as in current cardiac pulse generators. 

In addition to varying the therapy delivered foltowing 
a failed attempt to terminate a tachyarrhythmia, it is also 
known that adjustment of detection criteria may be ap- 
propriate. For example, adjustment may comprise re- 
ducing the number of intervals required to detect a tach- 
yarrhythmia to allow a more rapid re-detection or by 
changing the interval ranges to bias detection towards 
detection of ventricular fibrillation, for example as dis- 
closed in U.S. Patent No. 4,971,058, issued to Pless et 
al. 

In the present invention, selection of the particular 
electrode configuration for delivery of the cardioversion 
or defibrillation pulses is controlled via output circuit 
548, under control of cardioversion/defibrillation control 
circuitry 554 via control bus 546. Output circuit 548 
switches the high voltage electrodes 506 and 508 for 
delivery of the defibrillation or cardioversion pulse regi- 
men, and may also be used to specify a multi-electrode, 
simultaneous pulse regimen or a multi-electrode se- 
quential pulse regimen. Monophasic or biphasic pulses 
may be generated. One example of circuitry which may 
be used to perform this function is set forth in U.S. Patent 
No. 5,163,427, issued to Keimel. However output con- 
trol circuitry as disclosed in U.S. Patent No. 4,953,551, 
issued to Mehra et al. or U.S. Patent No. 4,800,883, is- 
sued to Winstrom. may also be used in the context of 
the present invention. Alternatively single monophasic 
pulse regimens employing only a single electrode pair 
according to any of the above cited references which 
disclose implantable cardioverters or defibrillators may 
also be used. 

FIG. 3 is an illustration of detection interval ranges 
which may be employed in a preferred embodiment of 
the present invention. The specific detection interval 
ranges are selected and programmed by the physician. 
As seen, events which occur less than 120 milliseconds 
(hereafter "ms") apart are not detected due to blanking. 
This is a fixed interval and its length is not programmable 
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by the physician. The range of intervals between detect- 
ed events taken as indicative of fibrillation are greater 
than 120 ms and less than 300 ms. That is the fibrillation 
detection interval (hereafter "FDI") extends to 300 ms. 
This range is programmed and is selected by the phy- 
sician to suit the particular patient. The range of intervals 
between detected events taken as indicative of tachyar- 
rhythmia are greater than 300 ms and less than 450 ms. 
That is the tachyarrhythmia detection interval (hereafter 
•TDI') extends to 450 ms. This range is also pro- 
grammed and is selected by the physician to suit the 
particular patient. Events having intervals between 450 
ms to 923 ms, in the preferred embodiment, are taken 
as indicative of normal sinus rhythm. That is the brady 
escape interval (hereafter "BEI") extends to 923 ms. 
This range is also programmed and is selected by the 
physician to suit the particular patient Events which oc- 
cur at intervals which would be greater than the BEI are 
taken as indicative of bradycardia. 

For example, if a first event is sensed and a second 
event is sensed 200 ms later, ventricular fibrillation is 
provisionally detected. As a second example, if a first 
event is sensed and second event occurs 100 ms later 
and a third event occurs 210 ms after the second event, 
then a ventricular tachycardia (hereafter "VP) is provi- 
sionally detected. This is so because the second event 
occurred during blanking and thus was not sensed; the 
third event was thereafter sensed a sum of 320 ms after 
the first, well within the VT zone. 

It should be noted that the specific times for inter- 
vals is for the preferred embodiment and thus is only 
illustrative of the present invention. Other interval 
lengths may also be used within the scope of the present 
invention. 

FIG. 4 is an arrhythmia detection/therapy muscle 
state diagram of the present invention. As discussed 
above the present invention features skeletal muscle 
graft stimulation as well as cardiac stimulation. One of 
the important requirements of such a system, however, 
is to accurately detect cardiac arrhythmias and respond 
with the appropriate therapy. As discussed above, con- 
current skeletal muscle graft stimulation may interfere 
with the detection and diagnosis of arrhythmias. Thus, 
one important feature of the present invention is the 
manner in which it provides for skeletal muscle graft 
stimulation as well as cardiac stimulation while also 
managing the prompt detection and diagnosis of ar- 
rhythmias. In particular, the present invention temporar- 
ily stops or inhibits skeletal muscle stimulation once the 
onset of an arrhythmia is sensed. 

As seen, during normal sinus rhythm the system re- 
mains at normal sinus rhythm state 30. In state 30 de- 
vice provides both skeletal muscle graft stimulation and 
any bradycardia stimulation required. Bradycardia stim- 
ulation may take the form of any suitable electrical stim- 
ulation therapy, and preferably is given in the form of 
Wl pacing, although other types of pacing therapy may 
be delivered, such as VOO, OVO and WT. Bradycardia 

stimulation is delivered, in the preferred embodiment, 
upon the detection of a sequence of cardiac events in 
which the range of intervals between detected events 
greater than BEI. 

s if, however, a sequence of cardiac events is detect- 
ed in which the range of intervals between detected 
events is less than the TDI. then the skeletal muscle 
stimulation is inhibited (as represented by line 31) and 
VT counting mode state 32 is reached. In the preferred 

10 embodiment, if only one TDI is detected, then the skel- 
etal muscle stimulation is inhibited and VT counting 
mode state 32 is reached. 

While in the VT counting mode state 32, the skeletal 
muscle stimulation is re-enabled and the device returns 

is   to normal sinus rhythm state 30 if one interval greater 
than the TDI is detected. 

In addition, when a sequence of cardiac events is 
detected in which the range of intervals between detect- 
ed events is less than the FDI. then the skeletal muscle 

20  stimulation is inhibited (as represented by line 31) and 
VF counting mode state 34 fs reached. In the preferred 
embodiment, if only one FDI is detected, then the skel- 
etal muscle stimulation is inhibited and VF counting 
mode state 34 is reached. 

25        While in the VF counting mode state 34, if VT de- 
tection is programmed on. the skeletal muscle stimula- 
tion is re-enabled and the device returns to normal sinus 
rhythm state 30 upon the detection of consecutive 
events with intervals greater than TDI equal to one-third 

30   of the number of intervals to detect VF (hereafter "VF- 
NID"). If. however. VT detection is programmed off,-the 
skeletal muscle stimulation is re-enabled and the device 
returns to normal sinus rhythm state 30 upon the detec- 
tion of consecutive intervals greater than FDI equal to 

35   one-third of VFNID. Of course, if VT detection is pro- 
grammed off. deliver VT therapy state 36 may still be 
reached through combined count state 38, discussed 
below. 

It should be noted because FDI is smaller than TDI. 
40 then when VF counting mode state 34 is reached, this 

necessarily implies VT counting mode state 32 is also 
reached. From an electronic circuit design perspective, 
however, the counting bins for each'state are simulta- 
neously active, although both not necessarily register- 

's   jng events at the exact same time. 
While in VT counting mode state 32 the device 

counts the number of events which meet the TDI crite- 
rion. When the cumulative VT event counter is equal to 
the number of intervals to detect VT, also called VTNID. 

so then VT detection is fulfilled, deliver VT therapy state 36 
is reached and VT therapy is delivered. In the preferred 
embodiment VTNID is programmable. As discussed in 
more detail below, VT detection and deliver VT therapy 
state 36 may also be reached through combined count 
state 38. 

While in the VF counting mode state 34 the device 
counts the number of events which meet the FDI crite- 
rion. When the cumulative event counter is equal to VF- 

6 
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NlD then VF detection is fulfilled, deliver VF therapy 
state 40 is reached and VF therapy is delivered. In the 
preferred embodiment VFNID is programmable. As dis- 
cussed above, VFNID essentially is the number of past 
events that must satisfy the FDI criteria to be detected 
as fibrillation. The count uses past events that have 
been stored in the fibrillation event buffer memory (lo- 
cated in the RAM 526 of FIG. 2) which include both 
paced and sensed events. For example, if VFNID is set 
lo 18 and fibrillation event buffer is set to 24; then to 
detect VF 18 of the last 24 events must satisfy the FDI 
criteria. As seen, deliver VF therapy state 40 may also 
be reached via combined count state 38. 

Combined count state 38 is provided to avoid ex- 
cessive detection times during competing VT and VF 
counters. Thus combined count state 38 is reached, in 
the preferred embodiment, when the VF event counter 
reaches five and the VT event counter plus the VF event 
counter is greater than or equal to the combined number 
of intervals to detect parameter (hereafter "CNID-). In 
the preferred embodiment CNID is not directly program- 
mable, but rather is equal to seven sixths of VFNID. 
Once the combined count state 38 is reached, then the 
second look criterion is applied. 

Second look criterion is used only after combined 
count state 38 is reached. Second look criterion is ap- 
plied to determine whether VT or VF therapy should be 
delivered. In the preferred embodiment second look cri- 
terion is as follows: If all of the previous 8 intervals are 
greater than or equal to FDI, then the VT detected path 
should be followed and deliver VT therapy state 36 is 
reached, but if one of the previous 8 intervals is less 
than FDI. then the VF detected path will be followed and 
deliver VF therapy state 40 is reached. 

Once deliver VF therapy state 40 is reached, VF 
therapy is completed or aborted and VT/VF termination 
detection state 42 is reached. Similarly once deliver VT 
therapy state 36 is reached, VT therapy is completed or 
aborted and VT/VF termination detection state 42 is 
reached. 

While in VTA/F termination detection state 42, the 
device determines whether VT or VF is re-detected. If 
either VT or VF is detected, then the device returns to 
the relevant therapy state. If neither VT nor VF is re- 
detected, the device returns to normal sinus state 30. 
VT/VF termination detection is accomplished as follows: 
If VT detection is programmed "Off and eight consec- 
utive events having intervals greater than FDI are 
sensed, then VF termination is detected and the device 
returns to normal sinus state 30. If VT detection is pro- 
grammed 'On' and eight consecutive events having in- 
tervals greater than TDI (which by definition is greater 
than FDI) are sensed, then VT termination is detected 
and the device returns to normal sinus state 30. 

As discussed above the present invention also fea- 
tures skeletal muscle stimulation while charging for de- 
fibrillation. Essentially this feature provides muscle stim- 
ulation pulses to the grafted skeletal muscle while the 

device is charging a capacitor to deliver a defibrillation 
pulse. As mentioned above, the muscle continues to 
contract and causes cardiac perfusion to be maintained. 
This cardiac perfusion, in turn, limits the increase in the 

s overall defibrillation threshold. Because the increase in 
these thresholds is minimized, this permits the device 
to feature smaller capacitors or lower voltages or both. 

FIG. 5 is a timing diagram showing the relationship 
between muscle stimulation, cardiac events and a defi- 

10 brillation charge cycle. As seen, during normal sinus 
rhythm, represented here by normal QRS complex 202 
the device is in normal sinus state 30. As such, muscle 
stimulation burst 201 is delivered to stimulate the skel- 
etal muscle graft and thereby provide cardiac assist- 

is ance, as described above. At first occurrence of a VF 
event 204 device enters detection state 206. As ex- 
plained in FIG. 4, during detection state 206 device is in 
VF counting mode state 34 and VT counting mode state 
32. As also explained in FIG. 4 once a VF event 204 is 

£0 detected all muscle stimulation is inhibited, as may be 
seen in the lack of any muscle bursts in the region of 
detection state 206. Once VF is confirmed the device 
then enters deliver VF therapy state 40. 

While in deliver VF therapy state 40, device per- 
forms several operations, including charging of the out- 
put capacitors, depicted as line 208. In addition, skeletal 
muscle stimulation is re-initiated and a series of asyn- 
chronous muscle stimulation bursts 210. 212 are deliv- 
ered. In the preferred embodiment asynchronous bursts 
210, 212 have a greater amplitude than muscle stimu- 
lation burst 201, in the order of one and a half times as 
large. " 

Once charging of the output capacitors is complet- 
ed, a sequence to synchronize the defibrillation dis- 
charge to a sensed R-wave is undertaken. In particular, 
device begins a synchronization sequence during syn- 
chronization time 216. Synchronization sequence is un- 
dertaken to synchronize defibrillation discharge to a 
sensed cardiac event as well as to reconfirm the pres- 
ence of the arrhythmia. If the synchronization sequence 
is successful, then defibrillation discharge 214 is deliv- 
ered synchronized to a sensed cardiac event. If the syn- 
chronization sequence is unsuccessful, then defibrilla- 
tion discharge 214 is delivered at the timing out of syn- 
chronization time 216. In addition during synchroniza- 
tion time 216, device re-inhibits skeletal muscle stimu- 
lation in order to permit reliable sensing of any intrinsic 
cardiac events. 

FIG. 6 is a timing diagram showing the relationship 
between muscle stimulation and cardiac events of an 
alternative embodiment. In particular, in an alternative 
embodiment, if synchronization is unsuccessful, then 
the device delivers an asynchronous muscle stimulation 
burst 322 immediately prior to defibrillation discharge 
214, as best seen in FIG. 6. Muscle stimulation burst 
322 is intended to cause the heart to be squeezed by 
the skeletal muscle graft and achieve roughly a systolic 
position when defibrillation discharge 214 is delivered. 
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Because the volume of the heart in such a position is 
decreased the defibrillation threshold is likewise de- 
creased. 

Turning again to FIG. 5, once defibrillation dis- 
charge 214 is delivered, then device enters into VT/VF 
termination detection state 42 to thereby confirm heart 
has returned to normal sinus rhythm. 

FIG. 7 depicts an alternative muscle stimulation 
burst which may be used with the present system. 
These muscle stimulation bursts may be used at any 
suitable time within the present system, and are not lim- 
ited to only use prior to delivery of the defibrillation ther- 
apy. As seen muscle stimulation burst 300 occurs after 
QRS 303 in the amount of a synchronization delay 305. 
In the preferred embodiment synchronization delay 305 
is programmable and is undertaken in order to synchro- 
nize the muscle stimulation burst 300 with the ventricu- 
lar contraction. Muscle stimulation burst 300 has essen- 
tially two sections, first section 301 and second section 
302, often referred to as 'muscle catch" and "muscle 
pulse train" respectively. As seen, first section 301 has 
a smaller interpulse interval 304 within the burst, i.e. a 
higher frequency. In comparison second section 302 
has a relatively larger interpulse interval 304 within the 
burst, i.e. a relatively smaller frequency. The higher fre- 
quency first section 301 increases the velocity and force 
of the skeletal muscle graft contraction. In the preferred 
embodiment interpulse interval 304 and number of puls- 
es in the catch may be selected by the physician. The 
pulse waveform, amplitude 308 and width of the muscle 
catch are the same for the remainder of the burst. 

FIG. 8 depicts an alternative embodiment of the 
muscle catch stimulation which may be used with the 
present system. As seen all parameters of the muscle 
stimulation burst 300 are the same as that described 
above with respect to FIG. 7 but for the amplitude of sec- 
ond section 302. 

FIG. 9 depicts an alternative embodiment of the 
muscle catch stimulation which may be used with the 
present system. As seen ail parameters of the muscle 
stimulation burst 300 are the same as that described 
above with respect to FIG. 7 but for the amplitude of sec- 
ond section 302. In particular amplitude of each burst 
within second section 302 decreases. The rate of de- 
crease of pulse amplitude within each burst decreases 
as a function of rate, i.e. the faster the rate of muscle 
stimulation, the greater the decrease of pulse amplitude 
within the pulse train. 

As discussed above, the mechanically induced car- 
diac output augmentation of the present invention dur- 
ing VF (which is associated with loss of cardiac output) 
leads to maintaining defibrillation thresholds during pro- 
longed episodes of fibrillation, thus resulting in longer 
battery life or smaller device size or both. It also permits 
a longer charging interval without the concern of a dan- 
gerously low or temporarily lost cardiac output. 

While the present invention has been described in 
detail with particular reference to a preferred embodi- 

ment, it will be understood variations and modifications 
can be effected within the scope of the following claims. 

s Claims 

1.   An apparatus for stimulating a skeletal muscle (3) 
grafted about a heart (2). detecting cardiac events 
and delivering therapeutic stimulation to the heart 

10 comprising: 

means (572,574) for delivering stimulation to 
the skeletal muscle (3) grafted about the heart 
(2); 

is means (500,502) for sensing depolanzations of 
the patient's heart; 
means (516) for measuring the intervals sepa- 
rating successive depolarizations of the pa- 
tient's heart; 

20 ' means (524) for defining first and second inter- 
val ranges; 
means for determining the number of the meas- 
ured intervals falling within the first and second 
interval ranges; 

2S means for inhibiting the means for delivering 
stimulation to the skeletal muscle (3) grafted 
about the heart (2) upon the sensing of a depo- 
larization within the first or second interval 
range; - _ 

30 first means for detecting the occurrence of a 
first type of arrhythmia when the number of the 
measured intervals falling within the first inter- 
val range equals a first predetermined value; 
second means for detecting the occurrence of 

35 a second type of an arrhythmia when the 
number of the intervals falling within the second 
interval range equals a second predetermined 
value; 
means (506,508) for delivering a first type of ar- 

40 mythmia therapy in response to the detection 
of the first arrhythmia by th^" first detecting 
means; and 
means (506.508) for delivering a second type 
of arrhythmia therapy in response to the detec- 

45 tion of the second arrhythmia by the second de- 
tecting means, the second type of arrhythmia 
therapy having a cardiac stimulation compo- 
nent and a skeletal muscle component. 

so 2. An apparatus according to claim 1 wherein the first 
and second intervals are adjacent and nonoverlap- 
ping. 

3.   An apparatus according to claim 1 or 2 wherein the 
55        second type of arrhythmia therapy having a cardiac 

stimulation component and a skeletal muscle com- 
ponent comprises a defibrillation pulse and a defi- 
brillation stimulation to the skeletal muscle grafted 
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about the heart. 

4. An apparatus according to claim 1, 2 or 3 wherein 
the first type of arrhythmia therapy comprises anti- 
tachycardia pacing pulses. 5 

5. An apparatus according to any preceding claim fur- 
ther comprising means for defining a third interval 
range, the third interval range encompassing inter- 
vals larger than the first interval range. 10 

6. An apparatus according to any preceding claim fur- 
ther comprising means for detecting a third type of 
arrhythmia and means for initiating a third type of 
arrhythmia therapy in response to the detection of is. 
the third type of arrhythmia. 

7. An apparatus according to claim 6 wherein the third 
type of arrhythmia therapy comprises bradycardia 

. pacing pulses. 20 

8. An apparatus according to any preceding claim fur- 
ther comprising means for delivering therapeutic 
stimulation to the heart, the means for delivering 
therapeutic stimulation to the heart comprising: 2S 

means (556,558,560,562) for temporarily stor- 
ing energy; 
means (550) for charging the means for tempo- 
rarily storing energy; 30 
means (554) for re-initiating delivering stimula- 
tion to a skeletal muscle grafted about a heart 
during the charging of the means for temporar- 
ily storing energy. 
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